Abstract In this article, a detailed performance comparison is made between ballistic and dissipative quantum transport of metal oxide semicondutor-like graphene nanoribbon field-effect transistor, in ON and OFF-state conditions. By the self-consistent mode-space non-equilibrium Green's function approach, inter-and intraband scattering is accounted and the role of acoustic and optical phonon scattering on the performance of the devices is evaluated. We found that in this structure the dominant mechanism of scattering changes according to the ranges of voltage bias. Under large biasing conditions, the influence of optical phonon scattering becomes important. Also, the ambipolar and OFF-current are impressed by the phononassisted band-to-band tunneling and increased considerably compared to the ballistic conditions, although sub-threshold swing degrades due to optical phonon scattering.
Introduction
Owing to their excellent scalability properties, silicon devices have enjoyed high popularity in the past few decades. Today, by the shrinkage in the dimensions of different technologies and entry of nanoscale dimensions, these devices have encountered numerous physical constraints [1, 2] which have increasingly necessitated the need for new nano-electrical devices and new manufacturing technology. Meanwhile, graphene seems to be a good alternative and, in recent years, has attracted great attention. Non-defective graphene is a zero band-gap material as a sheet consisting of carbon atoms which are juxtaposed in a hexagonal structure [3] [4] [5] [6] . The absence of a band-gap limits the performance of the transistors and degrades some characteristics of them like on/off ratio. To open the band-gap, graphene is patterned into carbon nanotubes (CNTs) and graphene nanoribbons (GNRs).
GNR is presently being explored as a workable option to use instead of Si as the channel material of field-effect transistors (FETs).
One type of graphene nanoribbon-based field-effect transistors (GNRFETs) is metal oxide semicondutor (MOS)-like GNRFET [7] [8] [9] [10] . In the MOS-like GNRFET, applying a gate voltage can reduce the potential barrier at the channel region, leading to flowing of carriers from the top of the barrier and reaching the drain side. So that, the On-current is of thermionic type in this structure. Also, the off-current in this structure is of the band-to-band tunneling (BTBT) type. The purpose of this paper is to examine how phonon scattering affects the performance of MOS-like GNRFET.
Many works have been done for GNR (CNT)-FETs but most of them are in the ballistic limit [11] [12] [13] . Factors such as electron-phonon interaction can also affect the electrical properties of graphene ribbons [14, 15] . In practice, graphene-based field-effect transistors with a long channel demonstrate non-ballistic behaviors. Thus, in order to show the real behavior of a device, scattering effects and scattering mechanisms should be considered. So far, some studies have been done in this regard, most of which have been based on CNT [16] [17] [18] [19] . Further, in previous reports, interband scattering effects have been neglected. Note that the energy difference between first and second sub-band increases as the GNR width increases. So that, a significant coupling between sub-bands by phonon is created which necessitates that interband scattering is regarded. In this article, we are going to investigate the effects of optical and acoustic phonon scattering on the performance of MOSlike graphene nanoribbon-based field-effect transistors and examine the extent and manner of the effects of these factors on each of the thermionic and tunneling currents. For the simulation, we used the non-equilibrium Green's function (NEGF) procedure, in which the effects of electron-phonon interaction enter Green's function as a selfscattering matrix. Furthermore, in the simulation procedure, both the intraband and interband phonon scattering effects were regarded in the software simulation.
In the rest of the paper, in ''Simulation method'', we will describe the simulation method. In ''Simulation results and discussion'', the results of the simulation are investigated and discussed, then the article will come to an end with the conclusion.
Simulation method
The method used in this study is the non-equilibrium Green's function (NEGF) whose efficiency has been proved for the simulation of different types of nanoscale devices including graphene nanoribbons and carbon nanotubes [20, 21] . The above-mentioned method properly models quantum behaviors; also, by providing an appropriate model, we can model the contact effects considering the nanoribbon atomic model [22] . In this method, the Poisson and the Schrödinger equations are solved in a selfconsistent (SC) manner and after convergence and error reduction, the current is calculated using transport equation. The electron-phonon interaction enters Green's function as a scattering self-energy matrix (R SCAT ) and the phonon effects are regarded in the software simulation [22] . Green's function of the structure can be calculated using the following formula:
where H is the Hamiltonian matrix of an armchair GNR, E is the energy and RðEÞ is the self-energy which has an extra term, R SCAT E ð Þ, compared to the ballistic mode.
R S E ð Þ and R D E ð Þ are related to the self-energies of the source and drain, respectively, and R SCAT E ð Þ is the electron-phonon scattering self-energy indicating the electronphonon interaction.
The density of electrons and holes at different energies is calculated using correlation function (G) according to the following equation [23] :
where R in and R out , respectively, show the input and output scatterings, in which all the three terms of the electronphonon scattering, drain, and source self-energy matrices participate:
Density of electrons and holes at point Z j of the channel is obtained using the diagonal elements of the correlation matrix according to the following equation [24] :
Finally, the current equation in this model is calculated as follows [24] :
In the above equation, b 2q ¼ 2t cos pq = n À Á and t ffi 3 eV are the hopping parameter between two closer and further nearest neighbor A-GNR rings, respectively.
In graphene nanoribbons, the optical and acoustic phonon scatterings are among the dominant scattering mechanisms. Acoustic and optical phonon scatterings are elastic and non-elastic scattering events, respectively. To apply these effects to the electron-phonon scattering matrix, the Born approximation is used [23] . According to this approximation, in-out phonon scattering matrices are calculated using the following equations [25] :
where D x is the electron-phonon coupling parameter, n x is the phonon population or number of phonons at thermal equilibrium, and G nðpÞ is the electron's correlation function (hole). G nðpÞ indicates the density of electrons (holes) at different energies, and D AP and D OP are calculated from the Hamiltonian matrix of the electron-phonon interaction according to what has been described. In this research, phonon energy is hx op ¼ 196 meV, electron-phonon coupling parameter is D AP ¼ 0:01 eV 2 and D OP ¼ 0:07 eV 2 , and n x is calculated using the Bose-Einstein approximation according to the following equation [25, 26] :
In Eqs. (7a) and (7b), the first term is related to acoustic phonon scattering. The mechanism of acoustic phonon scattering depends on the density of carriers at the same energy state. The second and third terms in the above equations are related to the optical phonon scattering, which shows phonon absorption and phonon emission processes, respectively. These instances are obvious in Fig. 1. Figure 1a , b is related to P in SCAT and P out SCAT , respectively. In Fig. 1a , the electrons in higher energy states, E þ hx op À Á , lose energy via phonon emission and enter the energy state E. Also, the electrons with lower energy state, ðE À hx op Þ, can enter the energy state E via phonon absorption. Therefore, the optical phonon scattering mechanism depends on the density of carriers not only in the same state, but also in higher and lower energy states. Further, for the carriers that exit an energy state (Fig. 1b) , like the previous state, we can assume two scenarios so that they can either exit from their energy state and go to higher energy states by phonon absorption or exit their energy state and go to lower energy states via phonon emission and getting cold.
Another notable point is that, regarding the voltage range within which we are working, it is necessary to assume up to 2 sub-bands for the calculation of the current in the used nanoribbon which is of armchair type with N = 16, because considering the distance between the subbands, the second sub-band practically plays an important role in the current calculation. Thus, besides considering intraband scattering effects, interband scattering effects must be also taken into account. These points are shown in Fig. 2 .
Simulation results and discussion
In this section, the MOS-like GNR field-effect transistor is studied in the non-ballistic or dissipative conditions and the optical and acoustic phonon scattering effects are analyzed.
The simulated structure is shown in Fig. 3 . The used nanoribbon is of armchair type with N = 16. The channel is an intrinsic one with the length of 15 nm and the source and drain are also 15 nm with the doping concentration of N sd = 10 -2 dopant per atom. Oxide is of HfO 2 type with dielectric constant of k = 16 and its thickness is assumed to be 1.5 nm.
The I DS -V DS characteristic curve of the above structure for the gate-source voltages as 0.4, 0.5, and 0.6 V is shown in Fig. 4 . The simulations are performed in three situations: the ballistic transport, dissipative transport with only the acoustic phonon scattering, and finally dissipative transport with considering both optical and acoustic phonon scattering.
The results show that, due to causing back-scattering of the carriers toward the source and preventing them from reaching the drain, the ON current reduces by the phonon scatterings. The dominant scattering mechanism in a normal voltage range is the acoustic phonon scattering. As seen in the figure, the efficacy of the optical phonon scatterings is insignificant at low gate voltage compared to those of the acoustic ones. At the high gate voltage, the participation of the optical phonon scattering is considerable, the reason of which will be explained below. For example, at the gate voltage of 0.6 V, the current difference in the ballistic and dissipative mode is considerable, which could be related to the increased impact of optical phonon scatterings in the structure. The dependence of phonon scattering participation on the bias voltage can be better understood by drawing the energy-resolved current spectrum diagram. Figure 5 shows the energy-resolved current spectrum at the gate-source voltages of 0.4, 0.5, and 0.6 V in the ballistic (a, b, and c) and non-ballistic (d, e, and f) modes. At low voltages (e.g., 0.4 V), the current density distribution window at the top of the conduction band in the channel region is lower than the optical phonon energy; therefore, the optical phonon scattering is almost stopped at the low voltage. With increasing the gate-source voltage (e.g., 0.6 V), the width of the window increases and the optical phonon scattering occurs. In this case, the back-going empty states will be filled by the scattered carriers and as a result the transistor current decreases. The phonon scattering effects on the drain side can be seen in Fig. 5 . The optical phonon scattering in the drain has less impact on the current, which can be explained as follows: on the drain side, the probability for the scattered carriers to reach the source is very low, because there is not enough energy to overcome the potential barrier at the drain-channel interface.
Then, the curve of current density in terms of energy for 0.6 V gate-source and 0.3 V drain-source voltage in the middle of the channel, i.e., at point X = 22.5 nm, is shown in Fig. 6 . According to the figure, within the energy range of -0.2 eV B E B 0.2 eV, the current density is decreased Fig. 2 The intraband and interband scattering process. a Intraband scattering, b interband scattering. Dashed and solid arrows related to elastic and inelastic scattering, respectively Fig. 3 The cross-sectional and doping profile of MOS-like GNRFET. An HfO 2 dielectric layer with e ox = 16 and t ox = 1.5 nm is used. The source (drain) region is doped with 10 -2 (dopant/atom) P (n) type impurities Fig. 4 Comparison of I DS -V DS characteristics of MOS-like GNRFET for various V GS = 0.4, 0.5 and 0.6 V. Lines, lines with triangles and lines with circles are for ballistic transport, with acoustic phonon scattering and with both acoustic and optical phonon scattering, respectively in the non-ballistic mode compared to the ballistic one, which shows the accuracy of the explanations provided for the current reduction.
Moreover, in Fig. 7 , the density of electrons at different energies along the transistor at V DS = 0.3 V and gatesource voltages equal to 0.4, 0.5, and 0.6 V are presented considering the phonon effects (d, e, and g) and in the ballistic mode (a, b, and c). In the dissipative mode, the density of the electrons inside the energy-gap that is approximately one phonon energy less than the band-edge is considerable. These states are called quasi-continuous virtual states which are caused by the phonon scatterings [18, 19] .
The I DS -V GS diagram at V DS = 0.3 V is demonstrated in Fig. 8 . Continuous and dashed lines are related to the ballistic and dissipative modes, respectively. The phonon scattering causes an increase in the off-current, which is quite evident in this figure. In order to justify this behavior, the density of electrons at different energies in the ballistic and dissipative mode at V DS = 0.3 V and V GS = -0.2 V is shown in Fig. 9a , b, respectively. As can be observed, in the presence of the acoustic and optical phonon scatterings, the density of the carriers at the valence band of the channel is increased compared with that of the ballistic mode, which could be attributed to the electrons located in the quasi-continuous virtual states that participate in the tunneling phenomenon. As explained, due to the phonon scattering, inside the energy-gap and approximately one phonon energy lower than the band-edge, a series of energy states are generated and the electrons can remain in these states for enough time to tunnel. Then, the current density distribution at different energies for the mentioned MOSFET structure by considering both acoustic and optical phonon scattering at V DS = 0.3 V and V GS = -0.2 V is shown in Fig. 10 . This figure represents that the current density distribution at different energies from the source to drain is shifted toward low energies, which is due to the phonon emission. The continuous lines of current distribution are related to those electrons which tunnel without scattering and go toward the drain. Those current distribution lines which are 
Conclusion
The performances of MOS-like GNR field-effect transistor (GNRFET) have been extensively investigated in detail considering acoustic and optical phonon scattering. Quantum mechanical simulations based on a mode-space approach of the non-equilibrium Green's function formalism are used to extract characteristics of the devices. It has been shown that the operation of GNRFET is mainly limited by the inclusion of electron-phonon interaction. Simulation results indicate that under on-state operation, the impact of optical phonon scattering on the current degradation becomes noticeable at large gate biases. Also band-to-band tunneling regime is dominated by the phonon-assisted tunneling and sub-threshold swing and offcurrent are deteriorated by this phenomenon. 
